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Chromium-doped  titanite  and  malayaite  samples,  which  were  synthesised  to evaluate  their performance
as ceramic  pigments,  show  remarkable  photoluminescence  behaviour.  Emissions  of  centres  related  to
traces  of trivalent  rare-earth  elements  (REE)  are  observed  exclusively  from chromium-free  samples.
Their  Cr-doped  analogues  (containing  the same  REEs  on the  same  concentration  levels),  in contrast,  onlyeywords:
hotoluminescence
uenching
are-earth elements
hromium
show broad-band  Cr3+ emission  whereas  all REE  emissions  are  suppressed.  This  behaviour  is  assigned  to
quenching  of  REE  emissions  by chromium  centres  (i.e.,  REE3+ →  Cr3+ energy  transfer).
© 2014  Published  by  Elsevier  GmbH.itanite
. Introduction
Minerals of the titanite group (general formula CaX[O/SiO4],
ith X = Ti, Sn, V; space group C2/c) have been studied exten-
ively. Whilst titanite (CaTi[O/SiO4]; Speer and Gibbs, 1976) is an
biquitous accessory component in many igneous and metamor-
hic rocks, the tin silicate malayaite (CaSn[O/SiO4]; Alexander and
linter, 1965) occurs less commonly, typically in skarns (Higgins
nd Ribbe, 1977). The third group-member known to date is the rare
ineral vanadomalayaite (Basso et al., 1994). Takenouchi (1971)
as shown that at high temperatures there exists a complete solid
olution between titanite and malayaite. Both of the two  minerals
re characterised by an excellent thermal stability and chemical
esistance. For these reasons, and stimulated by their ability to
ncorporate a wide range of non-formula elements in their crys-
al lattices, synthetic analogues of titanite-group minerals have
een proposed as potential host materials for the immobilisation of
adioactive waste from nuclear power stations (Lutze and Ewing,Please cite this article in press as: Nasdala, L., et al., Photoluminescen
Chemie Erde - Geochemistry (2014), http://dx.doi.org/10.1016/j.chem
988).
Both titanite and malayaite are colourless if chemically pure,
owever they become coloured when being doped with transition
∗ Corresponding author. Tel.: +43 1427753220.
E-mail address: lutz.nasdala@univie.ac.at (L. Nasdala).
ttp://dx.doi.org/10.1016/j.chemer.2014.04.004
009-2819/© 2014 Published by Elsevier GmbH.metal ions, which then act as chromophores. Especially Cr-doped
malayaite, due to its intense colouration, is used commonly as a
pink ceramic pigment. Correspondingly, there are many papers
addressing in detail the absorption of chromium and other chro-
mophores in titanite-group minerals, and the use of these phases
as thermally stable pigments (e.g., Stefani et al., 1997; Bartis et al.,
2007; Hajjaji et al., 2010; Borcanescu et al., 2013). The luminescence
of titanite-group minerals, in contrast, has been investigated in very
few studies only, even though “titanite may  be a very interesting
luminescent material” (Gaft et al., 2005). Undoped titanite shows
weak green luminescence (broad band with maximum at 520 nm
wavelength) under ultraviolet (UV) excitation, which is assigned to
the “intrinsic” emission of TiO6 polyhedrons (Blasse et al., 1988). A
similar, Ti4+-related broad-band emission was observed from syn-
thetic, Ti-activated malayaite (CaSn0.97Ti0.03SiO5; Abe et al., 2010).
The emission of natural titanite, in contrast, may  in some cases
be most complex, comprising numerous narrow and broad bands
assigned to rare-earth elements (REE, including Sm3+, Eu3+, Pr3+,
Nd3+, Tm3+, Er3+) and transition metals (especially Cr3+; Gaft et al.,
2003; Kennedy et al., 2010).
During a recent research project addressing oxidation statesce of synthetic titanite-group pigments: A rare quenching effect.
er.2014.04.004
and lattice sites of chromophore ions in such titanite-group pig-
ments, which was conducted at University Jaume I, Castellón de
la Plana, Spain, several suites of titanite and malayaite samples
with different levels of Cr-doping were produced and characterised
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n detail (see Stoyanova Lyubenova et al., 2008, 2009a,b; Cruciani
t al., 2009). In the course of a systematic spectroscopy study of
hese pigments that involved optical absorption, vibrational, and
mission spectroscopy, we made the puzzling observation that
nly Cr-free samples always show emissions of minute levels of
ollutant REEs. In Cr-doped samples, by contrast, REE emissions
re virtually absent. In the present study we have studied the
pparently unusual behaviour for REE centres in titanite-group
inerals.
. Samples and experimental
.1. Synthesis and preparation of samples
The Cr-doped titanite and malayaite pigments and their
ndoped analogues were prepared by traditional ceramic method
i.e., solid-state reaction of oxide precursors). The raw materials
ere mixed and homogenised with water by stirring. The powders
ere then dried (100 ± 5 ◦C) and further calcined at 1200, 1300 and
400 ◦C (heating rate of 3◦/min, and 4 h soaking time) in mullite cru-
ibles. More details are described elsewhere (Stoyanova Lyubenova
t al., 2009a,b); for generalities of the ceramics-type synthesis tech-
ique see Cordoncillo et al. (1998).
To eliminate the hypothetical possibility that the observed emis-
ion behaviour of trace REEs is an artefact caused by peculiarities
f the ceramic-type pigment-synthesis process, additional ﬂux syn-
heses of titanite samples (doped with Nd, and with and without
r) were done. These samples were grown in a sodium-tetraborate
ux (duration 10 days, peak temperature 1130 ◦C). The experi-
ents corresponded mainly to the procedure described by Mazdab
2009); however we used a starting material with 1:1 molar ratio
f CaO and TiO2 (with excess of SiO2). To extract titanite from
he crucible, remnants of the ﬂux were dissolved using HNO3
30 wt%).
For X-ray ﬂuorescence (XRF) analysis, pigment samples were
round in a tungsten carbide mill for 2× 30 s, to produce ﬁne
owders. The sample material was mixed with wax  as a binder
1:10) and then pressed (with 150 kN for 10 s) in an aluminium
up on a layer of boric acid as stabilising substrate. For laser abla-
ion inductively coupled plasma mass spectrometry (LA–ICP–MS)
nalysis, pigment samples were ﬁnely powered and homogenised
ith a pestle in a mortar under ethanol. After drying, the sam-
les were mixed up with “White neutral pH adhesive” (Lineco,
niversity Products, Inc.). After mixing, the samples were dried in
ir for several hours, cut into squares (ca. 5 mm × 5 mm)  and then
ounted on double-sided tape. The adhesive used is extremely
ure and introduces essentially no chemical impurities to the
A–ICP–MS measurements. The only impurity elements that were
etected in concentrations greater than 1 g/g were Si (10 g/g),
 (2 g/g), and Ca (37 g/g) from an average of 10 analyses of
he adhesive. For back-scattered electrons imaging, samples were
mbedded in araldite epoxy and ground and polished; these
ample mounts were also used for Raman spectroscopy. Unpre-
ared samples were used for optical absorption and emission
pectroscopy.
.2. Analytical techniques
The major-element composition of pigment samples was deter-
ined, rather semi-quantitatively, by XRF analysis and X-ray
iffraction (XRD) reﬁnement. The XRF analyses were done byPlease cite this article in press as: Nasdala, L., et al., Photoluminescen
Chemie Erde - Geochemistry (2014), http://dx.doi.org/10.1016/j.chem
eans of a Bruker S4 Pioneer dispersive XRF spectrometer operated
t 60 kV and 66 mA.  A LiF analyser and the standardless MultiRes
rogramme were used. For XRD details, the reader is referred to
ruciani et al. (2009) and Stoyanova Lyubenova et al. (2009a). PRESS
rde xxx (2014) xxx–xxx
The low levels of trace-REEs in the pigments were measured by
LA–ICP–MS analysis. A Finnigan Element XR, high resolution dou-
ble focusing magnetic sector ICP–MS, coupled to a GeoLas 193 nm
Excimer laser system, was  used. The ablated material was trans-
ported to the ICP–MS using He gas with a ﬂow rate of 1.25 l/min,
with additional argon make-up gas added after the ablation cell.
Laser spot sizes of 40 m (reference materials) and 59 m (ceram-
ics) were used. The energy density was ca. 5 J/cm2 with a laser
repetition rate of 8 s−1. Time resolved intensity data were acquired
by peak-jumping in a combination of pulse-counting and analogue
modes, depending on signal strength, with one point measured
per peak. The average values for CaO determined by the XRF
analyses were used as an internal standard to normalise counts
to concentrations. Elements in high abundance were analysed
in analogue mode, whereas true trace elements were analysed
using digital pulse counting mode. For external independent ref-
erence materials, NIST 610 and NIST 612 glasses (Pearce et al.,
1997) and USGS standard BCR–2G (Jochum et al., 2005) were
used for calibration. Data were reduced using the Iolite software
package (Paton et al., 2011). For more experimental details on the
LA–ICP–MS trace-element analysis routine at the Department of
Earth Sciences, Memorial University of Newfoundland, the reader
is referred to Dorais and Tubrett (2008) and Rodríguez et al.
(2011).
Diffuse reﬂectance spectra of the titanite pigment samples
were measured at room temperature in the spectral range
26,000–6000 cm−1 on a Bruker IFS66v/S Fourier-transform infrared
(FTIR) spectrometer using a Perkin-Elmer diffuse reﬂectance
accessory unit. A tungsten light source, a quartz beam-splitter,
and silicon (26,000–10,000 cm−1) and germanium detectors
(10,000–6000 cm−1), respectively, were used to cover the desired
spectral range. Standard spectra were obtained from MgO  pow-
der. Standard and sample spectra were each averaged from 512
scans. The spectral resolution was 10 cm−1 for both detector
setups. Sub-spectra were aligned in absorbance for perfect match,
if necessary.
Steady-state photoluminescence (PL) spectra in the visible and
near-infrared range (i.e., spectral range 21,000–10,600 cm−1) were
obtained by means of two  dispersive spectrometer systems. First,
spectra with 488 nm Ar+ excitation (8 mW at the sample sur-
face) were recorded using a Renishaw RM1000 system equipped
with Leica DMLM microscope and a diffraction grating with 1200
grooves/mm in the optical pathway. Second, a Horiba Jobin Yvon
LabRam–HR spectrometer with Olympus BX41 optical microscope
and a diffraction grating with 1800 grooves/mm, was used to record
PL spectra excited with the 473 nm emission of a diode laser
(3 mW).  Both systems were equipped with Si-based, Peltier-cooled
charge-coupled device (CCD) detector. A 50× objective (NA = 0.55)
was used in both cases. Spectra were calibrated using emission
lines of a neon lamp. The wavenumber accuracy was better than
0.5 cm−1, and the spectral resolution was determined at ∼3–4 cm−1
(RM1000) and better than 1 cm−1 (LabRam–HR), respectively. The
latter system was used also to obtain Raman spectra for phase
identiﬁcation.
Time-resolved PL spectra were obtained with pulsed laser exci-
tation (second harmonic of a Nd:YAG laser at 532 nm wavelength;
pulse durations 5–10 ns). Spectra were obtained in 90◦ geometry,
by means of an intensiﬁed Andor iStar CCD detector synchronised
to the laser pulses. The setup used enabled us to perform measure-
ments in selectable “time windows” that are determined by the
delay time D (time period between the end of the laser pulse and
the beginning of the measurement) and the gate width G (durationce of synthetic titanite-group pigments: A rare quenching effect.
er.2014.04.004
between beginning and end of the measurement). With a diffrac-
tion grating with 600 grooves/mm in the beam path, the spectral
resolution was  on the order of 8–10 cm−1 (or ca. 0.4 nm wave-
length) in the red range.
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F s. (a) Secondary electrons image of a Cr-doped titanite pigment after heating at 1200 ◦C.
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Table 1
Chemical compositions as determined by XRF/XRD and LA–ICP–MS (normed to 100%
total).
Constituent (unit) Malayaite samples Titanite samples
Cr-free Cr0.02 Cr0.20 Cr-free Cr0.02 Cr0.20
MgO  (wt%) 0.13 0.10 0.11 0.10 0.10 0.19
Al2O3 (wt%) 0.30 0.18 0.09 0.30 0.46 0.27
SiO2 (wt%) 22.5 22.7 23.4 30.5 30.4 30.1
P2O5 (wt%) (bdl) 0.17 0.17 0.26 0.28 0.89
SO3 (wt%) 0.28 (bdl) (bdl) (bdl) (bdl) 0.09
K2O (wt%) (bdl) (bdl) (bdl) 0.05 0.04 0.05
CaO (wt%) 20.9 20.7 21.7 28.6 27.9 28.3
TiO2 (wt%) (bdl) (bdl) 0.26 40.0 39.6 30.0
CrO2 (wt%)a (bdl) 0.85 8.30 (bdl) 0.91 9.88
Fe2O3 (wt%) 0.51 0.08 0.11 0.07 0.12 0.20
ZnO (wt%) (bdl) (bdl) (bdl) (bdl) 0.09 (bdl)
SrO (wt%) 0.05 0.04 (bdl) (bdl) (bdl) (bdl)
ZrO2 (wt%) (bdl) 0.04 (bdl) (bdl) (bdl) (bdl)
SnO2 (wt%) 55.3 55.1 45.9 (bdl) (bdl) (bdl)
WO3 (wt%)b (bdl) (bdl) (bdl) 0.06 0.02 (bdl)
Pr (g/g) 0.6 0.5 0.3 0.9 0.9 0.7
Nd (g/g) 18.8 13.9 7.4 5.7 8.6 4.1
Sm (g/g) 0.4 0.5 0.1 0.8 0.8 0.5
Eu (g/g) 0.1 0.1 0.5 0.1 0.4 0.2
Er (g/g) 0.2 0.3 0.2 0.4 0.4 0.2
bdl: Not detected, or results below the 3 detection limit.
a Chromium is quoted as CrO2 because in the samples studied, chromium is
predominantly present as Cr4+, replacing Sn4+ (cf. Cruciani et al., 2009) or Ti4+
(Stoyanova Lyubenova et al., 2009a,b), respectively. Values quoted are means of
XRF,  XRD, and LA–ICP–MS results.
b Tungsten is a contaminant resulting from the grinding process.ig. 1. Two representative electron microscope images of Cr-doped titanite sample
b)  Back-scattered electrons image of a polished Cr- and Nd-doped titanite grown b
. Results and discussion
.1. Generalities and optical absorption
The titanite and malayaite pigment samples are ﬁne-grained,
ith crystal sizes on the order of a few micrometres (Fig. 1a). Addi-
ional titanite references that were grown by the ﬂux technique are
arger, up to one millimetre in size (Fig. 1b). All samples were found
o be remarkably homogeneous, that is, no growth zoning or other
nternal texture was observed in back-scattered electrons images
Fig. 1b).
Titanite and malayaite samples, respectively, were cleaned
echanically by hand-picking under a powerful binocular micro-
cope, and phase identity was then conﬁrmed by XRD and Raman
pectroscopy. In all cases, only X-ray diffraction lines and Raman
ands of titanite or malayaite were found, without any indica-
ion for the presence of additional phases. Depending on their
hemical compositions, colours of titanite samples vary between
early colourless (Cr-free), light ochre (low-Cr), and dark ochre- to
eddish-brown (high-Cr). Macroscopic colours of malayaite sam-
les depend similarly strongly on the Cr content, ranging from
early colourless to light grey (Cr-free) and pale pinkish (low-Cr)
o intense pink (high-Cr), respectively.
Chemical compositions of the pigment samples are listed in
able 1. Values quoted for the major oxides (SiO2, CaO, TiO2,
nO2) are means of XRF and XRD results (note that XRD results
or two samples have already been published by Cruciani et al.,
009; Stoyanova Lyubenova et al., 2009a). The CrO2 concentra-
ions quoted are means including our LA–ICP–MS results also.
hemical formulae of the three titanite pigments can be simpliﬁed
o CaTiSiO5, Ca(Ti0.98Cr0.02)SiO5, and Ca(Ti0.80Cr0.20)SiO5. Analo-
ously, simpliﬁed formulae of the three malayaite pigments are
a(Sn1.00−xCrx)SiO5 (x = 0, x = 0.02, and x = 0.20). The Cr per formula
nit (for instance “Cr0.02”) is used to label the samples in Table 1
nd the ﬁgures.
Representative optical absorption spectra (as obtained by dif-
use reﬂectance spectroscopy) of Cr-free and Cr-doped titanite
igments are shown in Fig. 2. While the Cr-free sample lacks any
igniﬁcant absorption features in the visible and near-infrared (NIR)
pectral ranges, the Cr-doped samples are characterised by steadily
ncreasing absorbance in the visible range towards the ultravio-
et (UV). The absorption pattern consists of several broad bands,
ocated roughly around 20,000, 17,500, and 13,100 cm−1, and fur-
her absorption bands in the NIR at around 10,700 and 8800 cm−1.
he latter is not visible in Fig. 2 but has been reported by Stoyanova
yubenova et al. (2008; see Fig. 7 in that paper). The resulting
bsorption minimum lies in the NIR at ∼12,000 cm−1 (Fig. 2). InPlease cite this article in press as: Nasdala, L., et al., Photoluminescence of synthetic titanite-group pigments: A rare quenching effect.
Chemie Erde - Geochemistry (2014), http://dx.doi.org/10.1016/j.chemer.2014.04.004
he visible range, the Cr-doping has resulted in a general increase
n absorbance by a factor of 5–6.
These absorption features, resulting in brown colouration of
he calcinated Cr-doped titanite powders, have been attributed by
Fig. 2. Optical absorption spectra of the three titanite pigments. Note that the Cr-
doping has resulted in ca. 5–6-fold increase of the absorption of the blue laser light
(see grey arrow) used to excite the PL spectra presented in Fig. 3.
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pig. 3. Steady-state PL spectra of synthetic pigments (Ar+ 488 nm excitation; a, tita
ontrols the appearance or absence of REE-related emissions.
toyanova Lyubenova et al. (2008) to co-actions of crystal-ﬁeld
ransitions of Cr3+ ions in octahedral, and Cr4+ ions in octahedral
s well as tetrahedral sites; and we adopt their interpretation to
he discernible bands and shoulders in Fig. 2. However, we pro-
ose that in the visible spectral range these crystal-ﬁeld bands are
uperposed on the low-energy wing of a UV absorption edge (or
re-edge band), probably caused by ligand-metal charge-transfer
f Cr6+ cations replacing Si4+ in the tetrahedral sites of the titanite
tructure. It has been shown that tetrahedrally oxygen-coordinated
r6+, even if only present in trace amounts, may  cause a signiﬁcant
ed-shift of the fundamental absorption edge or a broad charge-
ransfer pre-edge band (e.g. Talla et al., 2013). The widely similar
onic radii of Cr6+ and Si4+ in tetrahedral coordination (Shannon,
976) might also facilitate a partial oxidation of (Cr4+)[4] to (Cr6+)[4]
t high calcination temperatures. This hypothesis seems to be in
ccordance with observations of Stoyanova Lyubenova et al. (2008)
ho reported a colour change from yellow to brown colour for
r-doped titanite pigments after calcination at ≥1000 ◦C.
.2. Photoluminescence
Steady-state PL spectra obtained under blue laser excitation are
resented in Fig. 3. Spectra of undoped titanite and malayaite pig-
ents do not show any signiﬁcant “intrinsic” feature but, instead,
roups of narrow emission bands in the orange-red to NIR region of
he electromagnetic spectrum. The absence of “intrinsic” emissions
orresponds to the results of Abe et al. (2010) who did not observe
ny emission from pure CaTiSiO5 and CaSnSiO5. The observation is
lso consistent with the results of Blasse et al. (1988): These authors
eported that the green “intrinsic” broad-band emission of titanite
s excited by mid-range UV light (excitation maximum reported at
90 nm wavelength) but not under long-wave UV or visible excita-
ion. The groups of narrow emission bands are assigned to REEs, in
articular Pr3+ and Sm3+ (perhaps also Er3+) in the orange-red, and
d3+ (and ancillary Er3+) in the NIR. As pigment samples have not
een doped intentionally, the origins of these REEs are assigned to
inute pollutions of the starting oxides.
The REEs, whose emissions are observed in PL spectra, are
nterpreted as incorporated in the titanite and malayaite lattice,
espectively, rather than forming separate phases. In the case of
itanite samples, this interpretation is supported strongly by thePlease cite this article in press as: Nasdala, L., et al., Photoluminescen
Chemie Erde - Geochemistry (2014), http://dx.doi.org/10.1016/j.chem
act that groups of REE3+ emission bands show ﬁne-structures
hat are typical of REEs in titanite (compare spectra published by
aft et al., 2003; Kennedy et al., 2010). In contrast, if REE-bearing
hases other than titanite were present (i.e. if emitting REEs wereamples; b, malayaite samples) showing how effectively the presence of chromium
incorporated in different solids), different crystal-ﬁeld effects
would result in notably different ﬁne-structures of electronic tran-
sitions (Gaft et al., 2005; Lenz et al., 2013). To the best of our
knowledge, no appropriate references for the REE–PL of malayaite
have been published thus far. However, the remarkable similarity
of ﬁne-structures of REE emissions of malayaite samples compared
to those of titanite samples (see Fig. 3), supports REE incorporation
in the malayaite lattice (which is iso-structural with titanite).
As expected, Cr-doped samples show the typical broad-band
emission of Cr3+ whose intensity seems to correlate well with the
Cr concentration (Fig. 3). Note that only a small fraction of the
chromium is present as Cr3+ whereas the majority of this element
is tetravalent (Cruciani et al., 2009; Stoyanova Lyubenova et al.,
2008, 2009a); nevertheless the absolute quantity of the trivalent
fraction of chromium is sufﬁcient to cause intense PL emission. The
PL emission of tetrahedrally coordinated Cr4+ has been observed in
synthetic apatite (Gaft and Panczer, 2013), but to the best of our
knowledge not in natural minerals thus far. Even if there was Cr4+
emission from our pigment samples, it would be rather irrelevant
for our PL spectra: This emission, if present, is to be expected at low
quantum energies of ca. 0.9–1.0 eV (ca. 1.3 m wavelength; Gaft
et al., 2005), which is far off the sensitivity range of the Si-based
CCD detectors in the spectrometers used here.
Most remarkably, the narrow REE emission lines have dis-
appeared completely in all Cr-doped samples. There are two
hypothetically feasible reasons for this. First, the presence of
chromium in the crucible could hinder the incorporation of trace-
REEs into titanite/malayaite lattice. The absence of REE lines in the
spectra would then be due to the absence of REE centres. Second,
if the REEs are not excluded during crystal growth but present in
the lattice, the simultaneous presence of sufﬁcient amounts of Cr
could suppress REE emissions. It was  therefore crucial to measure
concentrations of trace-REEs in all pigment samples. Results are
quoted in the lower part of Table 1. As more or less uniform REE
contents were measured in all samples, the former hypothesis can
be excluded, and the observed emission behaviour is assigned to
quenching of REE3+ emissions by Cr3+ centres (compare Reisfeld
and Jørgensen, 1977).
To verify the above quenching effect, which was ﬁrst observed
from mildly REE-contaminated pigment samples, a suite of addi-
tional titanite samples, intentionally doped with REEs, were grownce of synthetic titanite-group pigments: A rare quenching effect.
er.2014.04.004
in a sodium-borate ﬂux. Photoluminescence spectra of two  Nd-
doped samples are shown in Fig. 4. In the spectrum of Nd-doped
Cr-free titanite (nearly colourless sample; lower spectrum in Fig. 4)
it can be seen that the starting Nd2O3 was somehow impure and
ARTICLE ING ModelCHEMER-25311; No. of Pages 6
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Fig. 4. Steady-state PL spectra of two  ﬂux-grown titanite samples (473 nm excita-
tion). Dashed graph, Cr-free sample containing 520 g/g Nd; solid graph, Cr-bearing
s
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magnitude (Fig. 3). It appears much more likely that in Cr-bearing
F
b
pample containing 340 g/g Nd. Spectra are shown with vertical offset for more
larity.
ontained low levels of pollutant Sm and Pr (interpretation veriﬁed
y reference spectra of Sm-  and Pr-doped titanite), causing emis-
ions in the orange to red spectral range. The fact that Sm3+ and
r3+ emissions, in spite of their trace concentration, are relatively
trong in intensity, is assigned to the particular effectiveness of the
lue laser to excite these centres and the much higher sensitivity
f Si-based CCDs in the visible range, compared to the NIR. This
onsideration is supported by the spectrum of Cr-free titanite in
ig. 3a: The emissions of Pr and Sm (15,500–17,000 cm−1) are much
igher in intensity than the emission of Nd (below 11,500 cm−1),
ven though Nd is present in much higher quantity (see Table 1).Please cite this article in press as: Nasdala, L., et al., Photoluminescen
Chemie Erde - Geochemistry (2014), http://dx.doi.org/10.1016/j.chem
The upper spectrum in Fig. 4 was obtained from Nd-doped titan-
te containing 0.5 wt% Cr (dark olive-brown coloured sample). It is
ominated by the broad emission band of Cr3+. Emissions of REEs
ig. 5. Time-resolved PL spectra of synthetic pigments in the red and near-infrared reg
ands  (assigned mainly to the 4F3/2 → 4I9/2 transition of Nd3+). (b,c) Cr-rich titanite pigmen
ositions and decay times. PRESS
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are either reduced considerably (the Nd3+ emission in the NIR is
reduced to ca. 2% of its intensity in the Cr-free sample, even though
the concentrations are on the same order of magnitude) or extinct
(Pr3+ and Sm3+). This shows that, again, the presence of a sufﬁcient
amount of chromium suppresses the emission of REEs. Obviously,
broad Cr3+ and narrow REE emissions are observed simultaneously
(see Fig. 2 of Gaft et al., 2003, and Fig. 3B of Kennedy et al., 2010)
only for samples with comparably moderate Cr concentration and
virtual “REE excess” (compare Table 1 of Gaft et al., 2003).
A small selection of time-resolved PL spectra of titanite pig-
ments are presented in Fig. 5. The spectrum of the undoped
sample (Fig. 5a) is dominated by narrow emission lines assigned
to REE centres. The decay time () of the Nd3+ emission near
11,000–11,500 cm−1 (ca. 900 nm wavelength) was determined at
150–200 s, which is about one order of magnitude longer than
the typical decay time of the 4F3/2 → 4I9/2 Nd3+ emission in natural
titanite ( ∼10–30 s; see also Gaft et al., 2003). In analogy to the
steady-state PL spectra discussed above, time-resolved PL spectra
of Cr-doped titanite pigments do not show REE emissions but only
the broad 2E → 4A2 emission of Cr3+ (Fig. 5b,c). The spectra indicate
the presence of two different types of Cr3+ emission centres, char-
acterised by slightly different maxima and decay times. They are
assigned to Cr3+ ions in positions with weaker and stronger crys-
tal ﬁeld, respectively. Variable occupation of these Cr sites may also
explain variations in the spectral position of the Cr3+ emission band
in steady-state PL spectra (compare for instance Cr0.02 and Cr0.20 in
Fig. 3a).
The general disappearance of REE emission lines accompany-
ing the incorporation of notable chromium concentrations is quite
unusual, and difﬁcult to explain. The relatively long decay time of
Nd3+ points to the possibility in the Cr-free pigments, REEs (or at
least a part of the REE centres present) are not excited directly but
through non-radiative energy transfer via (an)other centre(s) with
relatively long decay time. In Cr-bearing pigments, in contrast, the
REEs do not emit; rather, the excitation energy is preferentially
transferred to trivalent chromium. This may  be due partially to the
enhanced absorption of the exciting laser light by chromium; how-
ever a ca. 5–6-fold increase in absorption (Fig. 2) alone is unable
to cause a decrease in REE emissions by more than two  orders ofce of synthetic titanite-group pigments: A rare quenching effect.
er.2014.04.004
samples, the Cr3+ centres present quench the REE3+ emissions, that
is, energy migrates from REE centres to Cr3+ by non-radiative mech-
anisms. The (re)absorption of potential REE emissions by Cr3+ needs
ion (532 nm excitation). (a) Cr-free titanite pigment showing narrow REE-related
t (sample Cr0.20). There are two chromium-related emissions with different spectral
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o be considered also. Quenching of REE luminescence by trivalent
hromium has already been discussed by Reisfeld and Jørgensen
1977) who presented several examples. To the best of our knowl-
dge, REE → Cr energy transfer has however not been reported for
itanite-structured minerals thus far.
Remarkably, this process affects REE emissions with lower (e.g.,
d3+ at <1.4 eV) as well as REE emissions with higher energy (e.g.,
r3+ at ∼2 eV), compared to the ca. 1.46–1.61 eV transition of Cr3+ in
itanite (see again Figs. 3 and 4). This suggests that evidently there
s a – quite effective – energy migration from excited states of the
EEs to an excited state of trivalent chromium.
cknowledgements
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